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Abstract 
During their operation, modern aircraft engine components are subjected to increasingly demanding operating conditions, 
especially the high pressure turbine (HPT) blades. Such conditions cause these parts to undergo different types of time-dependent 
degradation, one of which is creep. A model using the finite element method (FEM) was developed, in order to be able to predict 
the creep behaviour of HPT blades. Flight data records (FDR) for a specific aircraft, provided by a commercial aviation 
company, were used to obtain thermal and mechanical data for three different flight cycles. In order to create the 3D model 
needed for the FEM analysis, a HPT blade scrap was scanned, and its chemical composition and material properties were 
obtained. The data that was gathered was fed into the FEM model and different simulations were run, first with a simplified 3D 
rectangular block shape, in order to better establish the model, and then with the real 3D mesh obtained from the blade scrap. The 
overall expected behaviour in terms of displacement was observed, in particular at the trailing edge of the blade. Therefore such a 
model can be useful in the goal of predicting turbine blade life, given a set of FDR data. 
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Abstract 
     Initial strengthened micro textures of heat-resistant materials have been found to disappear under operating conditions due to 
the increase of operating temperature and mechanical loading for improving the thermal efficiency of various power and 
chemical plantsClick here and insert your abstract text. The change of the micro textures was observed from the viewpoint of the 
change of the ord r of atom arrangement by using electro  back-scatter diffraction analysis. The change of the order of atom 
arrangement was investigated by an lyzing the change of the sharpness f the measured diffraction pattern obtained from the area 
irradiated by a foc electron beam. The egradation process of th  quality of grains and grain boundaries was measured 
quantitatively in plural m terials and the strain-induced anisotropic diffusion of component elements was the dominant factor of 
the degradation process. 
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1. Introduction 
It is imperative to reduce greenhouse-effect gas such as CO2. Since the combustion of fossil fuels to generate 
electricity is the largest single source of CO2 emissions, accounting for about 42% of the global CO2 emissions in 
2013, high efficiency of thermal power plants is essential for reducing CO2 emissions. In order to further improve 
the thermal efficiency of thermal power plants and reduce CO2 emissions, various R&D projects have been 
conducted (such as Thermie 700 in the EU and DOE-Vision 21 in the US) to develop A-USC (advanced ultra- 
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Fig. 1 Definition of the crystallinity of grain boundary 
 
supercritical) power plants. In the case of gas turbine systems, the expected operating gas temperature is going to 
increase from 1500oC to 1700oC. The rotating speed of turbine blades is also going to increase for improving the 
thermal efficiency of the systems. These changes of operating conditions of energy plants, the increase of ambient 
temperature and mechanical loading should accelerate the degradation of heat-resistant materials used in the systems 
and thus, shorten the lifetime of the systems.  
Recently, it has been reported that the high temperature strength of various heat-resistant materials decreases 
drastically when the test conditions becomes severer than conventional conditions. For example, Ochi et al., reported 
that the fatigue limit of modified 9Cr-1Mo steel disappeared at temperatures higher than 500oC. In addition, the 
initial finely dispersed-texture of nickel-base super alloy was found to disappear under the creep condition at 
temperatures higher than 800oC (Komazaki et.al.). Since these heat-resistant materials are expected candidates for 
highly efficient next-generation power plants, these degradations of the initial strengthened micro texture degrade 
the reliability of the plants seriously. Therefore, it is very important to clarify the degradation mechanism clearly and 
theoretically for proactive development of countermeasures for preventing unexpected fracture of heat-resistant 
materials under future operation. 
Recently, the authors have proposed that the initial degradation process of materials is visualized quantitatively 
by applying electron back-scatter diffraction (EBSD) method from the viewpoint of the change of the order of atom 
arrangement (Murata et al.).  Since the sharpness of the Kikuchi pattern obtained from the EBSD analysis strongly 
depends on the order of atomic configuration of the area irradiated by an electron beam, the average sharpness of the 
diffraction pattern was considered as a quantitative parameter which indicates the average shift of the position of 
atoms in the observed area from their thermodynamically equilibrium positions. In this study, the degree of the 
degradation of materials was evaluated by this method. The initial degradation process of materials, in other words, 
disappearance of the initial fine strengthened texture, was characterized quantitatively by this method. 
2. Evaluation method of the crystallinity of grains and grain boundaries 
The crystallinity of grains and grain boundaries was evaluated in this study by IQ (Image Quality) value obtained 
from EBSD analysis (Humphereys, F. J., and Koblischka, et al.). When an electron beam is irradiated to the surface 
of material, a strong diffraction pattern, which is called Kikuchi pattern, is observed based on Bragg’s law, The 
intensity and sharpness of the pattern is high when atomic configuration in the electron beam-irradiated area is 
highly periodical without defects. On the other hand, the intensity becomes weak when the atomic alignment is 
irregular due to various damages such as vacancies, dislocations, impurities, local strain, and so on. Thus, this IQ 
value is one of the effective parameters which indicate the grade of damage of atomic configuration, in other words, 
the order of atom arrangement. The authors have assumed that this parameter is a quantitative index of the order of 
the atom arrangement in the observed area.  
In addition, the authors have defined a grain boundary as the transition area in which atomic configuration varies 
locally as shown in Fig. 1. In this definition, there are atoms in the newly defined grain boundary, and thus, the order 
of atom arrangement is also characterized in this grain boundary. The crystallinity of a grain boundary can be 
classified into two major categories of high crystallinity and low crystallinity as shown in Fig. 1. A grain boundary 
with high crystallinity consists of regularly long-period atomic configuration and volume density is high as shown in 
Fig.1 (a). In this grain boundary, electrical resistivity is low, dislocation movement is easy and activation energy of 
diffusion was high. On the other hands, a grain boundary with low crystallinity consisted of disordered random 
atomic configuration and volume density is low as shown in Fig. 1(b). In this grain boundary, electrical resistivity is 
high, dislocation movement is difficult and activation energy of diffusion is low. There were various factors of  
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Fig. 3 Schematic idea of the change of the CI value caused by the position of a conventionally defined grain 
boundary in an electron beam-irradiated area and a definition of the newly defined grain boundary 
 
determination of crystallinity, for example, vacancy concentration, impurity concentration and lattice mismatch 
between grains and so on. However, this study focused attention on “crystallinity”. Based on this definition, 
evaluation of the crystallinity of a grain boundary was investigated.  
The crystallinity of a grain boundary was evaluated by EBSD analysis based on electron beam diffraction. In 
EBSD analysis, a small area of a sample is irradiated by electron beam and the diffracted beam based on the Bragg’s 
law is observed as well-known Kikuchi pattern. General EBSD analysis system uses the Hough transform to extract 
Kikuchi bands information from a Kikuchi pattern image. IQ value indicated average sharpness of bands in a 
Kikuchi pattern. IQ value is defined as the follows equation called Hough transform. 
 
(1) 
 
 
In this equation, the H (ρi, θi) is the intensity of the transformed Kikuchi line and �i  and �i define the position of 
the Kikuchi line observed in the EBSD analysis. N is the total number of Kikuchi lines observed in a measured area. 
Thus, IQ value is the average intensity of Kikuchi lines obtained from a measured area in EBSD analysis. Since 
Kikuchi line is formed by electron diffraction based on Bragg’s law, IQ value has a strongly correlation with the 
diffraction intensity and thus, IQ value depends on the crystallinity of the measured area. Hence, IQ value was 
defined as an evaluation index of “crystallinity”. 
    The position of grain boundaries was determined by the CI (Confidence Index) value. The CI value is generally 
used as the index for evaluating the reliability of the determined crystal orientation of the measured area. When the 
CI value is less than 0.1, the analytical data obtained from the measured area are usually eliminated because the 
quality of the image (Kikuchi pattern) is quite low, and thus, it is hard to analyze the crystallographic orientation of 
the measured area. The CI value is defined as follows. 
 
(2) 
 
Here, Ni is the number of the candidate of the Kikuchi line measured in one area. When there are plural grains, N1 is 
the largest number obtained from the largest grain in the observed are and the N2 is the second largest number 
obtained from the second largest grain, respectively. Ntotal represents the total number of the Kikuchi line defined by 
the analysis. When a grain boundary crosses a measured area, there are two grains with different crystallographic 
direction. This means that there should be two different Kikuchi patterns generated from the different grain in the 
measured area. Thus, the CI value varies as follows. As shown in Fig. 4 ③, when a grain boundary crosses a centre 
of a measured area where the area of Grain 1 and Grain 2 is the same, the CI value becomes 0 because the number 
of the candidate of the Kikuchi line in Grain 1 is equal to that in Grain 2 (N1 = N2). When the size of the two grains 
is different as shown in Figs. 4 ② and ④, the CI value varies from 0 to 1 (N1> N2) depending on the aria ratio of 
Grain 1 and Grain 2 because the intensity of Kikuchi line and the number of the candidate of the Kikuchi line are a 
function of the area of each grain. When the measured area consists of one grain as shown in Figs. 4 ① and ⑤, the 
CI value becomes 1 (N2 = 0). In this way, the CI value becomes low when a measured area contains a grain 
boundary. Therefore, the CI value is used as the index to determine the centre position of a conventionally defined 
grain boundary in the measured areas. In this study, a grain boundary is newly defined as the area in which the CI  
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supercritical) power plants. In the case of gas turbine systems, the expected operating gas temperature is going to 
increase from 1500oC to 1700oC. The rotating speed of turbine blades is also going to increase for improving the 
thermal efficiency of the systems. These changes of operating conditions of energy plants, the increase of ambient 
temperature and mechanical loading should accelerate the degradation of heat-resistant materials used in the systems 
and thus, shorten the lifetime of the systems.  
Recently, it has been reported that the high temperature strength of various heat-resistant materials decreases 
drastically when the test conditions becomes severer than conventional conditions. For example, Ochi et al., reported 
that the fatigue limit of modified 9Cr-1Mo steel disappeared at temperatures higher than 500oC. In addition, the 
initial finely dispersed-texture of nickel-base super alloy was found to disappear under the creep condition at 
temperatures higher than 800oC (Komazaki et.al.). Since these heat-resistant materials are expected candidates for 
highly efficient next-generation power plants, these degradations of the initial strengthened micro texture degrade 
the reliability of the plants seriously. Therefore, it is very important to clarify the degradation mechanism clearly and 
theoretically for proactive development of countermeasures for preventing unexpected fracture of heat-resistant 
materials under future operation. 
Recently, the authors have proposed that the initial degradation process of materials is visualized quantitatively 
by applying electron back-scatter diffraction (EBSD) method from the viewpoint of the change of the order of atom 
arrangement (Murata et al.).  Since the sharpness of the Kikuchi pattern obtained from the EBSD analysis strongly 
depends on the order of atomic configuration of the area irradiated by an electron beam, the average sharpness of the 
diffraction pattern was considered as a quantitative parameter which indicates the average shift of the position of 
atoms in the observed area from their thermodynamically equilibrium positions. In this study, the degree of the 
degradation of materials was evaluated by this method. The initial degradation process of materials, in other words, 
disappearance of the initial fine strengthened texture, was characterized quantitatively by this method. 
2. Evaluation method of the crystallinity of grains and grain boundaries 
The crystallinity of grains and grain boundaries was evaluated in this study by IQ (Image Quality) value obtained 
from EBSD analysis (Humphereys, F. J., and Koblischka, et al.). When an electron beam is irradiated to the surface 
of material, a strong diffraction pattern, which is called Kikuchi pattern, is observed based on Bragg’s law, The 
intensity and sharpness of the pattern is high when atomic configuration in the electron beam-irradiated area is 
highly periodical without defects. On the other hand, the intensity becomes weak when the atomic alignment is 
irregular due to various damages such as vacancies, dislocations, impurities, local strain, and so on. Thus, this IQ 
value is one of the effective parameters which indicate the grade of damage of atomic configuration, in other words, 
the order of atom arrangement. The authors have assumed that this parameter is a quantitative index of the order of 
the atom arrangement in the observed area.  
In addition, the authors have defined a grain boundary as the transition area in which atomic configuration varies 
locally as shown in Fig. 1. In this definition, there are atoms in the newly defined grain boundary, and thus, the order 
of atom arrangement is also characterized in this grain boundary. The crystallinity of a grain boundary can be 
classified into two major categories of high crystallinity and low crystallinity as shown in Fig. 1. A grain boundary 
with high crystallinity consists of regularly long-period atomic configuration and volume density is high as shown in 
Fig.1 (a). In this grain boundary, electrical resistivity is low, dislocation movement is easy and activation energy of 
diffusion was high. On the other hands, a grain boundary with low crystallinity consisted of disordered random 
atomic configuration and volume density is low as shown in Fig. 1(b). In this grain boundary, electrical resistivity is 
high, dislocation movement is difficult and activation energy of diffusion is low. There were various factors of  
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Table 1 Chemical composition of CM427LC 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
                                     (a) Change of KAM map                           (b) Change of IQ map 
Fig. 3 Change of KAM and IQ maps on the damaged sample under creep loading: In both figures, (a) as-received, 
(b) t/tr = 0.22, (c) t/tr = 0.5 and (d) t/tr = 1.0 (ruptured) 
 
value was less than 0.1. 
3. Observation of the degradation process of nickel-base superalloy at elevated temperatures 
Directionally solidified Ni-base superalloys have been widely applied to turbine blades in power plants. High 
temperature strength of the Ni-base superalloys is improved by the cuboidal γ’ (Ni3Al) precipitates that inhibit 
dislocation motion orderly-dispersed in the γ matrix (Ni-rich matrix). However, the γ' precipitates start to grow 
perpendicularly to the direction of the applied load, and the micro texture changes to large layered texture by creep 
loading. This change is called “rafting”. Since formation of the raft structure causes softening of the Ni-base 
superalloys, strength of the alloys decreases significantly and crack growth starts to occur in a grain along the 
layered interface between the γ' phase and the γ phase. So, it is important to evaluate the damage of the alloys 
caused by creep loading for assuring the reliability of the alloys under operation. So far, a number of experimental 
and theoretical researches have been performed to explore the mechanism of the rafting behavior (Komazaki, Saito, 
Kirka, Morito, et al.). In those studies, there is a high possibility that the rafting is occurred by the strain-induced 
anisotropic diffusion that degrades the crystal quality (crystallinity) (Sano, et al.). Creep tests were conducted for 
CM247LC in air at 900°C under the uni-axial stress of 216 MPa. Table 1 shows the chemical composition of this 
alloy. Samples with different degrees of creep damage were prepared with t/tr of 0, 0.1, 0.22, 0.5 and 1.0, where t 
and tr are a loading time and a time to rupture, respectively. The microstructural observation of the samples by SEM 
and EBSD methods was carried out. Before the analysis, the surface of each sample was polished by using 3-μm 
diamond paste. The final polish was performed using 50-nm colloidal silica to remove the surface damage layer. 
The surface of each sample was observed by using FE-SEM (SU70) at 25 keV.In this analysis, the conventionally 
used KAM (Kernel Average Misorientation) value was measured for estimating the dislocation density. The 
diameter of an electron beam was 50 nm and it was scanned on the surface of materials. 
Figure 3 summarizes the change of typical KAM and IQ maps of the samples under the creep test. The time in the 
figure, t/tr indicates the relative lifetime and tr is the time fractured under the test. As shown in Fig. 3(a), the average 
KAM value was almost constant of about 0.15o during the test. This result indicates that the dislocation density in 
the sample did not change so much during the creep test. On the other hand, the average IQ value decreased 
monotonically during the test from 6200 to 4900 as shown in Fig. 3(b). Thus, the order of atom arrangement of this  
 
Al C Cr Mn Co Mo W Ta Ti Ni B,Z,Hf 
5.6 0.07 8.0 0.42 9.0 0.5 10.0 3.2 0.7 Bal. - 
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Fig. 4 Change of distribution of IQ value under creep loading: (a) t/tr = 0 (as-received), (b) t/tr = 0.22, (c) t/tr = 0.5 
and (d) t/tr = 1.0 
 
     Table 2 Composition of the Alloy617 (mass %) 
 
 
 
 
 
 
 
                                                                                                        Fig.5 Change of IQ value during the fatigue  
                                                              tests of Alloy 617 
 
superalloy degraded monotonically with testing time. Figure 4 shows the change of the distribution of IQ value in 
the area of 300-m square. The IQ value of the superalloy shifted clearly to lower value with time, and the 
distribution width increased drastically with the increase of damage. This result clearly indicates that not only the 
order of atom arrangement of this superalloy but also the uniformity of this material decreased monotonically with 
testing time. Since the density of dislocation (KAM value) did not change so much with testing time, this 
degradation was attributed to the increase in the point defects such as vacancies and the change of local composition 
of the superalloy. Since Suzuki et al., reported that stress-induced anisotropic diffusion of aluminum caused the 
degradation of micro texture of this superalloy during creep test, this result agreed well with their result. 
Next, the degradation process of the micro texture of Alloy 617 which is mainly used for boiler tubes and pipes 
under fatigue loading at 800oC was observed. The chemical composition of this alloy is summarized in Table 2. 
Triangular test waveforms with a strain rate of 4 × 10-3 /s and 5 × 10-4 /s were applied, respectively. In addition, a 
hold time of 10 minutes at peak tensile strain was added into the fatigue test as creep-fatigue test. All the tests were 
conducted at 800oC (1073K) in air. The numbers of cycles to failure in fatigue tests were 1400 and 5474 cycles 
when the strain rates were 5×10-4 /s and 4×10-3 /s, respectively. The number of cycles to failure was 850 cycles in 
creep-fatigue test. Though transgranular cracks were observed on the samples fractured in the fatigue tests, 
intergranular cracks appeared in the creep-fatigue test. The fracture mode obviously changed by adding holding time 
and this change should be the reason for the decrease of lifetime under the creep-fatigue test. Figure 5 shows the 
change of IQ value during the tests. The IQ value also decreased monotonically with the decrease of fracture life. 
This result indicates that the quality of atomic arrangement of this material decreased monotonically with the 
decrease of fracture life. In all the samples, the IQ value in grain boundaries was lower than that in grains because 
the quality of the atomic arrangement in grain boundaries is relatively lower than that in grains. In addition, there 
was also wide distribution of IQ value obtained from grain boundaries in the creep-fatigue specimen. Higher IQ 
value was obtained from grain boundaries with lower KAM value. This result indicates the quality of the atom 
arrangement was mainly degraded by the accumulation of dislocations around the grain boundaries.  Since there was 
a wide distribution of the damage (both KAM and IQ values), it also indicates that the damage was localized and 
there were grain highly damaged boundaries and grain boundaries with low damage. There should be a clear 
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Fig. 3 Change of KAM and IQ maps on the damaged sample under creep loading: In both figures, (a) as-received, 
(b) t/tr = 0.22, (c) t/tr = 0.5 and (d) t/tr = 1.0 (ruptured) 
 
value was less than 0.1. 
3. Observation of the degradation process of nickel-base superalloy at elevated temperatures 
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KAM value was almost constant of about 0.15o during the test. This result indicates that the dislocation density in 
the sample did not change so much during the creep test. On the other hand, the average IQ value decreased 
monotonically during the test from 6200 to 4900 as shown in Fig. 3(b). Thus, the order of atom arrangement of this  
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Fig. 4 Change of distribution of IQ value under creep loading: (a) t/tr = 0 (as-received), (b) t/tr = 0.22, (c) t/tr = 0.5 
and (d) t/tr = 1.0 
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superalloy degraded monotonically with testing time. Figure 4 shows the change of the distribution of IQ value in 
the area of 300-m square. The IQ value of the superalloy shifted clearly to lower value with time, and the 
distribution width increased drastically with the increase of damage. This result clearly indicates that not only the 
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degradation of micro texture of this superalloy during creep test, this result agreed well with their result. 
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creep-fatigue test. Though transgranular cracks were observed on the samples fractured in the fatigue tests, 
intergranular cracks appeared in the creep-fatigue test. The fracture mode obviously changed by adding holding time 
and this change should be the reason for the decrease of lifetime under the creep-fatigue test. Figure 5 shows the 
change of IQ value during the tests. The IQ value also decreased monotonically with the decrease of fracture life. 
This result indicates that the quality of atomic arrangement of this material decreased monotonically with the 
decrease of fracture life. In all the samples, the IQ value in grain boundaries was lower than that in grains because 
the quality of the atomic arrangement in grain boundaries is relatively lower than that in grains. In addition, there 
was also wide distribution of IQ value obtained from grain boundaries in the creep-fatigue specimen. Higher IQ 
value was obtained from grain boundaries with lower KAM value. This result indicates the quality of the atom 
arrangement was mainly degraded by the accumulation of dislocations around the grain boundaries.  Since there was 
a wide distribution of the damage (both KAM and IQ values), it also indicates that the damage was localized and 
there were grain highly damaged boundaries and grain boundaries with low damage. There should be a clear 
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Fig. 4 Change of KAM map of mod. 9Cr-1Mo steel at 600oC as  a function of the amplitude of stress 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 5 Change of IQ value during the fatigue tests of mod. 9Cr-1Mo steel as a function of temperature and the 
amplitude of the applied stress 
 
mechanism which dominates the acceleration of the growth and accumulation of dislocations around a specific grain 
boundary. Further investigation is indispensable to clarify the dominant factor which accelerates the damage in 
creep-fatigue loading conditions. 
4. Observation of the degradation process of modified 9Cr-1Mo steel at elevated temperatures 
Modified 9Cr-1Mo steel is one of the heat-resistant ferritic steels developed for a steam generator in a FBR. The 
chemical composition of this steel is shown in Table 3. The creep strength and oxidation resistance of the modified 
9Cr-1Mo steel is higher than 2.25Cr-1Mo steel. Moreover, it has similar level creep strength, lower coefficient of 
thermal expansion and higher thermal conductivity comparing with conventionally used austenitic SUS304 steel. 
When it is used in a FBR, high cycle fatigue damage at high temperature due to flow-induced vibration has been 
also concerned. It was indicated that fatigue strength decreased monotonically with increase of test temperature and 
fatigue limits did not appear at high temperatures (Matsumori, Ochi, Murakoshi, et al.). Therefore, it is important to 
understand the characteristics of high-cycle fatigue strength of this alloy, in particular, the existence of its fatigue 
limit, to use the modified 9Cr-1Mo steel in actual power plants for a long term at high operating temperatures. 
However, to the knowledge of authors, there are few available open database of very-high-cycle fatigue strength of 
the modified 9Cr-1Mo steel at high temperatures. Therefore, fatigue tests using a rotary bending test method at room 
temperature, 400oC, 500oC, 550oC, and 600oC have been performed. From these fatigue tests, it was found that 
fatigue strength decreased monotonically with increasing the test temperature and the fatigue limit did not appear up 
to 108 cycles at temperatures higher than 500ºC. this disappearance of the fatigue limit in the cycles higher than 108 
cycles indicates the significant decrease in the long-term reliability of the Mod. 9Cr-1Mo steel, when it will be used 
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in a FBR. In this study, therefore, the change of the micro texture was observed in detail during high cycle fatigue 
tests by using EBSD method in order to investigate the fracture mechanism of this alloy at high temperatures.  
 Figure 4 shows the typical change of the KAM map of the steel at 600oC as a function of the amplitude of the 
applied stress. When the amplitude of the stress was lower than 100 MPa, no change of the initial micro texture was 
observed. On the other hand, the micro texture started to change when the amplitude of the stress exceeded about 
150 MPa. The change rate was accelerated clearly with the increase of the amplitude of the applied stress. Thus, this 
change was caused by the effect of superposition of temperature and mechanical stress. Similarly, IQ value of this 
steel started to change when the amplitude of the applied stress exceeded a certain critical value as shown in Fig. 5. 
The critical value at 600oC was about 150 MPa, and this value agreed well with the critical stress at which KAM 
value started to change as shown in Fig. 4. The critical value increased to about 200 MPa when the ambient 
temperature was decreased from 600oC to 550oC. This result also indicates that the degradation process of this steel 
was observed quantitatively by using IQ value. In this steel, the change of the micro texture was mainly attributed to 
the change of the density of dislocations. 
5. Conclusion 
Initial degradation process of heat-resistant materials at elevated temperatures was evaluated by electron back-
scatter diffraction analyses from the viewpoint of the change of the order of atom arrangement. The order of atomic 
arrangement was measured by analyzing the sharpness of Kikuchi pattern as IQ value obtained from the observed 
area. The degree of disorder of atom arrangement caused by various defects such as vacancies, dislocations, the 
change of local composition, and so on was evaluated quantitatively. The degradation processes of heat-resistant 
alloys such as nickel-base superalloy and Cr-Mo steel were successfully observed by this method. In particular, the 
stress-induced anisotropic diffusion of component element was validated as a dominant factor of the degradation 
and it was found that there was critical stress at which the accelerated diffusion started to occur. Therefore, this IQ 
value is effective parameter which evaluates the order of degradation of atom arrangement of heat-resistant 
materials at elevated temperatures. 
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